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Sources of Aircraft Noise 


Airframe Turbofan 
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Sources of Turbofan Engine Noise sal 


Fan: Stator: Jet: 
¢ Tones (harmonics) ¢ Tones (harmonics) ¢ Broadband Noise (Low frequency) 
¢ Broadband Noise ° Distributed 


¢ Broadband Noise 


* “Buzz-Saw” Noise * Duct-modes 


Exhaust 


Lan - 2 ey ee: 
fae ie ae 4 . 


ah: ya wis 


a Turbine: 
“a ° Tones (High frequency) 
¢ Broadband Noise (High frequency) 


Combustor: 


Compressor: . 
¢ Broadband Noise (Low frequency) 


¢ Tones (High frequency) 
¢ Broadband Noise 
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Aircraft Engine Noise 


Acoustic Generation 


Engine Schematic 


Flow Disturbances 


7 Inflow disturbances 
(blade wakes, vortices, turbulence) / 


/ 7 Xnlet boundary layer p — Rotor 


ez Acoustic 
treatment 


Unsteady 
blade surface 
pressures 


\ 
“ Turbine exit 


< Rotor \ Wakes 
leading ‘ Rotor ¢ Vortices — Stator 
wy edge Turbulence 
shocks 


SPL 


Duct exit acoustic mode content 
Acoustic coupling to farfield 


arfield directvity ——_ 


OVALS: 
Physically measure-able quantity 


@ 
RECTANGLES: 
Physics/cause & effect 
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OVERVIEW 
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Advanced (nee: Active) Noise Control Fan © 


ANCE is located in AeroAcoustic Propulsion Laboratory at NASA Glenn Research Center 
65’ radius anechoic dome for acoustic and other measurements (Anechoic to 125 Hz.) 


Cooper, B.A., “A Large Hemi-Anechoic Chamber Enclosure for Community-Compatible Aeroacoustic Testing of Aircraft Propulsion Systems”, 
Journal of the Institute of Noise Control Engineering of the USA, Jan/Feb 1994. 


Originally built as part of the AST/QAT engine noise 
reduction program in ~ 1992. 


Initial Operation in 1994 / 1995 
Highly flexible, fundamental test bed. 
Can test multiple configurations, including rotor alone. 
4-foot diameter ducted fan - 75 HP electric motor 
Low speed: (variable) 

Q=1886 rpm, Vj, ~400 ft/sec, Mguce ~ 0.14 
Used to evaluate active noise control technologies and 

develop a duct mode database. 


In early 2000’s upgraded to 200 HP motor: 
Q=2500 rpm, V;,, ~525 ft/sec, 
Renamed to Advanced Noise Control Fan 
when research emphasis changed. 


1995 2000 2005 2010 2015 


Active Noise Control Unique Fan Noise Reduction Techniques Novel Liner develop 
Array development / Rotating Rake enhancement 
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Advanced Noise Control Fan sal 


ICD for flow conditioning. — rotor exhaust 


: . Inlet ai EpOore 4% blades) duct spools 
Spool pieces can be configured control (0=0.375) 
and rearranged (e.g. install 


Device 
microphones, pressure taps) ¢ a a 
center-body 


or replaced with specialized 
spool. 

Center-body is also 
configurable and available for 
instrumentation. 

Location of traverse mechanism 
(PACS) can be varied: stators (0-30) sitive 

d : : (o=0.375) 
(hotwire, Kiel or Static eaioeine tie ao aed 
pressure probes) (0-0-0) (4 is hub-to-tip ratio) 


eee sive 
treatment 


16 Rotor blades mounted on hub 26/28/30 count stator vane hubs 
° 5.25” chord, ~ 15” span ° 4.5” chord, ~ 15” span 
¢ variable pitch (18° ,28° ,38° ) ¢ variable spacing (typically 0.5, 1.0, 2.0 C) 
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ANCF Test Bed Measurement Locations 


ICD for flow conditioning. paber-stakes wigns 
hub-to-tip ratio 
Spool pieces can be configured Hinge seme ee PITOT Static 


measurement 


16 Blades Stator Vanes ‘ 
Se plane @ exit 


and rearranged (e.g. install 
(14 @ 1 rotor chord) 


microphones, pressure taps) or 
replaced with specialized spool. 


Center-body is also configurable 
and available for 
instrumentation. SS Ee aot 


Location of traverse mechanism 
can be varied: (hotwire, Kiel or 
Static pressure probes) 


Exhaust 
L/D ~1 


Inlet 


Measurement Capabilities 
e In-Duct Mode Levels (RR) 


e Rotor Wakes (HW) 
¢« Stator Vane Pressures 


e Duct Wall Pressures Hotwire Measurement Plane 
. . - at leading edge of stator vanes, 
¢ Farfield Directivity centered between 2 vanes. 


(same location with or without stators) 
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Data Acquisition Systems & 


Typical Measurements: 
e Farfield; Rotating Rake (unique in-duct mode measurements) 
¢ Hot-film; Dynamic & Static Pressure; Mounted Microphone 


Probe measurements can be radially/circumferentially traversed. 


3x32 channel Nicolet Odyssey Data Recorder. 
¢ 100 Ksamples/sec sample rate (50 KHz if externally sampled) 
16 channel Nicolet Odyssey High Speed Data Recorder. 
¢ 10 Msamples/sec sample rate (1 Msamples/sec if externally sampled) 


2-channel Dantec CTA w/ flow calibrator (expandable to 4 ch). 


ESP/ESCORT data systems for steady state measurements. 
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Compact Farfield Arena © 


Enclosed compact 
farfield arena for 
continuous usage. 


30 Farfield 
microphones 
¢ Piezotronics 130D20 
‘array’ microphones 
¢ 10 KHz best range 
¢ 6 stands of 5 mics 


¢ 15 fwd/15 aft arcs @ 
12’ radius/10’ height 
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Dynamic Data Reduction S 


eData acquired synchronously sampled to 
fan shaft @ 128/rev 100 
eFrequency/time domain averaged 
eSpectra for each microphone integrated 
over ‘harmonic bands’ 

i.e. 4/, to 14/, harmonics 

or 8 to 24 shaft orders (etc) 
multiplied by area, etc, to obtain PWL 
eOverall/Broadband/Tones 


90 


80 


(dB) 


, , 100 , 
BE ovr ce) | | : 3 : : : 
[Mj BB Pw. (aB) — 2 re : ~S : an ee : 10a : vo ae : a 
ia [__] Tone PWL (dB) Mm g0 renee HARMON EC BANDS 0-0 ee ee 
i 0 : 3rd 
oO 
60 we--e----- DE A-- ae A --- eS ee en ee ee Waa i ----- 
‘ ‘ : ‘ 50 
1 2 3 total 0 8 16 24 a2 A0 A383 56 
AEE ORING ES) Shaft Order (freq / (rpm/60) ) 
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Internal Acoustics eau 


Internal acoustics measured by Rotating Rake* Carbon fiber vane with embedded/flush 
one mounted microphones for measuring vane 
Continuously rotating, radially distributed from surface dynamic pressures. 
tip to hub array of pressure transducers 
installed at inlet/exhaust duct acoustic 
release point. 


¢ 30 per side 
¢ 20% leading edge line 
¢ 3 chord lines 


A complete circumferential and radial modal Used to determine response of stator vane to 
magnitude & phase map is obtained for the rotor viscous wake. 
1st three harmonics. 


*Sutliff, D.L. “Rotating Rake Turbofan Duct Mode Measurement System” NASA TM-2005-213828, November 2005. 
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Summary 


The ANCF test bed is used for evaluating fan noise reduction 
concepts, developing noise measurement technologies, and 
providing a database for Aero-acoustic code development. 


Rig Capabilities: 
4 foot 16 bladed rotor @ 2500 rpm 
Auxiliary air delivery system 3 lbm/sec @ 6/12 psi) 
Variable configuration (rotor pitch angle, stator count/position, duct length) 
synthetic acoustic noise generation (tone/broadband) 


Measurement Capabilities: 
112 channels dynamic data system 
Unique rotating rake mode measurement 
Farfield (variable radius) 
Duct wall microphones 
Stator vane microphones 
Two component CTA w/ traversing 
ESP for static pressures 
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SAMPLE DATABASE 
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Aircraft Engine Noise 


Acoustic Generation 


Engine Schematic 


Flow Disturbances 


7 Inflow disturbances 
(blade wakes, vortices, turbulence) / 


/ 7 Xnlet boundary layer p — Rotor 


ez Acoustic 
treatment 


Unsteady 
blade surface 
pressures 


\ 
“ Turbine exit 


< Rotor \ Wakes 
leading ‘ Rotor ¢ Vortices — Stator 
wy edge Turbulence 
shocks 


SPL 


Duct exit acoustic mode content 
Acoustic coupling to farfield 


arfield directvity ——_ 


OVALS: 
Physically measure-able quantity 


@ 
RECTANGLES: 
Physics/cause & effect 
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Hotwire (CTA) Measurement S 


Current | Sensor dimensions: 
‘me length ~1 mm 
diameter ~5 micrometer 


Wire supports 
(St.St. needles) 


Velocity U 7 


Sensor (thin wire) 


————e 


Convection Law: Heating Law: 
a iad Neal CE) = Q, = PR 


Nu = Nussult # _ 72 
= [¢RO[1-a(T_-T, 
Non-dimensional heat transfer Qi [1-a(T,-To)} 


Collapses non-linear effects 
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Hotwire probe used to measure 
fluctuating velocity behind rotor to 
obtain wake profile. (CTA) 


Principle of operation: 

Convective cooling of wire by moving 
fluid. 

To maintain constant temperature 
(resistance) the current is adjusted. 


Recorded time history of current can 
be related to velocity by calibration. 


calibration: U -> E 
experiment E -> U 


Overheat ratio: T,,/T; 
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Rotor Wake Measurement S 


elnjected air has a temperature rise due 
to compression. 


eThis temp difference between the wake 
and the mean flow causes measurement 
alr. 


eTo correct this the two-overheat method 
was implemented. 


eEssentially two unknowns, (V,,T,) and two 
equations 
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(fps) 
re e Pe 
~~] co co 
(Sa) (as) on 


Velocity 
ke 
~] 
Oo 


—™- Velocity @ High Overheat Ratio 
—@® Velocity @ Low Overheat Ratio 


—&-— Velocity from Convergence 


—+ Temperature from Convergence 


(°F) 


Temo Adjustment 


Ug) 
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Radius from Outer Wall (inches) 


Radius from Outer Wall (inches) 


Flow Measurements 


Mean Flow Turbulence 

1. § 23-25 5.0 
1. 2 22.50 4.5 
eo ~ 4.0 
i ~ 21.75 2s 
1. = 21.00 3.0 

be 
1. S 19.00 2.5 
“ 2.0 
. © 14.00 1.5 
0. § ‘. 
“: % 11.00 . 
‘ “ 0.5 
. 3 10.25 0.8 
as 3 9.50 

m . (V-Vavg) 

: V/V. G . 
Velocity _ Velocity (fps) 
> 
rotation 


23. 
23. 
22.3 
21. 
20.51 
18. 
13. 
10. 
10. 


(O-Oavg)" 
(deg) 


Radius from Outer Wall (inches) 


CONTOURS BEHIND ROTOR 
Two-Component Hot-film (ensemble averaged over one passage) 
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Stator Vane Surface Pressures 


S 


Annular-Duct Modes 


SS 


hy 


eAcoustic analogy formulation based on 


i 


uniform-flow, annular-duct Green’ s 


AIL 


a 


functions is used to represent the duct 
acoustics. 


lu 


Green’ s Functions 


Green’ s Functions 


eUnsteady surface pressure measurements 
are used as aerodynamic input to the 
analytical model. 


ee = 
Mizz E 


=— 
Acoustic Radiation form 
a 3D Airfoil Section 


p(x ff OCF sa) f(x, 20)dr, 
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3D Source Effects 


Measured Unsteady 
Aerodynamic Response 


Acoustic Radiation in Classical 
Flat-Plate Approximation 
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Stator Vane Surface Pressures 


«Stator Vane surface pressures an 
excellent predictor of noise. 


; : 5 41%,74% 94% 2 
microphone locations Pin ee (AP ms 
: a 
leading edge Pod 
—&’— Vane Loading 
BPFx1 
—H@ Rotating Rake 
—‘— Vane Loading 
BPFx2 
—+ Rotating Rake 


1000 1200 1400 1600 1800 2000 
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Stator Vane Un-Steady Surface Pressures 


3-CHORDS 
Span Location SPAN 


8 091 —® 0.74 -*& 0.49 


Magnitude 


PHASE (deg) 


0 10 30 40 50 60 70 80 90 100 0 10 20 3 40 50 & 70 80 90 100 100 105 110 115 120 125 130 135 140 
CHORD (%) CHORD (%) SPL (dB) 


Suction Side 


180 
150 


120 Magnitude 


(deg) 
8o8 88 


PHASE 
83 


0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 "100 105 110 115 120 125 130 135 140 
CHORD (%) CHORD (%) SPL (dB) 


Pressure Side Pressure Side 


BPF Tonal Unsteady Vane Pressures 


S 
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Acoustic Duct Mode Patterns asad 


y 


ne coin RR 


solution to separated wave equation: 


1 2 
P(O,7,X5D) = Prong * Enn Kal Je aesinee q = 
0 


circumferential mode, m 


q 
2-Dimensions: 3 (0) (1.84) (3.05) 
: F : : a eigenvalues for 
circumferential direction: a ee Tec Ie: 
5 
. far] 
P(0) = P(0+ 2x); sin(m6) “a Oo Sy 
m is defined as the number of cycles 
-circumferential mode, m order (3.83) (5.33) (6.71) 


d : ! eigenvalue problem based 
radial direction: on boundary conditions: 


Ean Kn!) = Crnld in (Kn!) + Onn¥m (Kmnl’) | 0= [J, (k, Paus Q i (kK r)\; F=ht 


n is defined as the number of zero crossings 
-radial mode, n order J & Y are Bessel functions of the 1st kind 
k & Q are “eigenvalues” 
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Rotor-Stator Interaction asad 


y 


LJ 
# rotor blades,B = 8 
# stator vanes,V = 6 


This interaction leads toa 


= 5 
2-lobe pattern which Q=0" 45" miae ee 
completes a cycle in 1/4 m= 0" _,360° 
rotor 
m=nB - kV 4 Ie 4 
(n harmonic, k= any a 
integer) 
mM Omode = iz B*Orotor 
eee om)” Osis Q= 45° Q= 60° Q= 75 
m= 180° Ino) = 240° Mme 300° 
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Duct Propagation 


Approximate wavelength 


BSSssq_©ccs 


\ 


(a) 


Spiral waves above cut-off 


Approximate wavelength 


Spiral waves at cut-off 


physically, 3D waves are helix--propagation angle 
highly cut-on modes approximate plane wave (a=0"_ ) 
cut-on modes axial wavelength is longer than free space 
(shorter wavenumber) 
cut-off modes have ‘infinite’ axial wavelength 
(zero wavenumber -- decay) 
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3-dimensional propagation 


axial wavelength: 


V nnd X) = y (27, 10) — King 
i) 22ft Cia 
i) 27ft,/C =Knns 

iii) aft, 10 <Koyn: 


2° mn» 


y real, cyclical propagation 


cul — off frequency 


vy imag, exponential decay 


define the cut-off ratio from (ii) 
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Rotating Rake Concepts & 


Continuously rotating, radially distributed from tip to hub array of pressure 
transducers installed at inlet/exhaust duct acoustic release point. 
e Rake electronically very accurately synchronized to fan shaft 
1/100th fan speed, i.e. 18 rpm 
+/-0.2° absolute error 
e Signals brought across rotating boundary via telemetry 
- 7 inlet, 6 exhaust transducers 


KEY CONCEPT: Each m-order rotates at a different spin rate. 


e The rotating rake imparts a unique Doppler shift depending on spin rate, hence 
m-order. 


e Radial modes in a given m-order complex curve fit using least-squares fit to the 
derived duct E-functions. 


A complete circumferential and radial modal magnitude & phase map is 
obtained for the 1st three harmonics 
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Duct Modes / Rotating Rake 


PWL,.,=104.9 dB 
PWL,..o 103.6 


BPF-Inlet 


pe ey BPF-Exhaust 


Numerical R/S 
values 


Single R/S Mode 


PWL, 4,112.9 dB 


PWL,,¢=102.9 dB 3BPF-Exhaust 
pein | PWL 46 112.0/ PWL,._ 9 104.6 


PWL ing 101.7/ PWL,_ 9 77.0 


Cut-on Modes 
(even if below measurement noise floor) 


Modal Plots with 14 Stator Vanes at 1-Chord; 1800 RPMc 
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Farfield Measurements 


Acoustic coupling to farfield 


Farfield directvity 


SPL 


e Acoustic pressure in 
farfield is the ultimate 
metric. 


e Integrate over volume 
to get total power 
(PWL). 


e FAA requires detailed 
weighting for EPNL. 


farfield microphones 
(15 fwd @ 8’ /30 aft @ 12’) 
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Large 20 dB 


tonal penetration 


due to stators 
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SPL (dB) 


Farfield Acoustics sal 


1-chord spacing 
1/2-chord spacing 


0 Vanes 


0 30 60 90 120 150 180 0 30 60 90 120 150 180 


angle (deg) 1xBPF angle (deg) 1-2 dB increase 
| TONES BROADBAND in broadband 
— due to stators 


0 30 60 90 120 150 180, 0 30 60 90 120 150 180 
angle (deg) XBPF angle (deg) 


Farfield Directivities with 14 Vanes Installed Compared to Rotor Alone 
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UNIQUE 
CONFIGURATIONS 


National Aeronautics and Space Administration 


Horizontal Orientation 


Selected configurations 
were tested on the 
stanchion with the fan 
generating the acoustic 
signature (standard 
mode of operation). 


This provided for the 
inclusion of flow, and 
non-uniform geometry 
effects. 


Also, measurements of y =. 

far-field acoustic | | 4 iaternal a y 
directivity were acquired i if PNere lise 

for confirmation of ee Hiviesisuterent 
community impact. ge. BY 3 Ldcations 
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Vertical Orientation oe 


A significant portion of the 
data was acquired with the 
rig built-up in a vertical 
orientation. 


Constant 
‘fe Center-body 


’ Flow Lip 


(off of the stanchion; no 
rotor/stator — no flow, very 


clean internal lines). | Vn 
nternal Acoustic 


; Measurement 
This unique configuration Locations 
allowed for very precise 
analytical solutions to 
evaluate the efficacy of the Artificial 
liner(s) and the accuracy of Noise 
CDUCT-LaRC. Source 

Planes 


ono ar= 16)>16) 4 0) INVA =) 
laatcliclarsl mom ele)irelan 
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Configurable Fan Artificial Noise Source(s) 


ee eee eee 


= 


Initially 32 channels (upgrade to 64). 


4 £t Fan Stator Vanes 


I 
. variable) | 
A rows of 16 drivers each (16 Blades) (variable) ! 


Generate noise source in S/W. 
Each channel independent. 


Labview VI’s or 2x32 channels of 
FIR filters to “shape’ output. 


Use of phase delays to simulate 
modal vs random sources. 


Use of time delays to simulate 
rotating vs stationary sources. 


General Range: 


250 Hz < freq < 1500 Hz 
|m| < 6; n<4 
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CFANS - Performance 


Typical Results — Generated in Exhaust/Measured in Inlet 
+ 20 dB target mode S/N + 10dB total PWL S/N ~ 1 dB repeatability 


Build 1 


7 ® 
. Build 2 xn oe 
“ 4 . 
~ col 4 oe 
@ilepas S =<115 2 “4 
N x © 110 
a 105 c 
® 53 100 + 
ae) TOT R/S OTH & 95 
[e) TOT R/S OTH 
=> ~ No 
* los . 3% 05 
N log 3 = 409 
ow 8 $5 
a 3 S 99 
© & 85 
Cc Sm P 
+ 


iso 
4) 


TOT R/S OTH 


PWL (dB) 


@ 
“w 
PWL (dB 


960Hz * Mode 2 
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PWL (dB 
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NOISE REDUCTION 
CONCEPTS EVALUATED 
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Trailing Edge Rotor Blowing (TERB) 


MASS FLOW...... ............... 2.6 Ibs./s (2% Total Mass Flow) 
PRESS UR Ee as vss ccsicnrsasicse sosces. ae DEE 
ROTATIONAL VELOCITY... 2000 RPM 


Circumferential 
Plenum 
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TERB - Composite Hollow Blades S 


Composite rotor blades with hollow plenum assembly 
created by cast mold that locates and holds components. 
- flow boundaries from a single laser-sintered piece 
- blade skin made of graphite/epoxy laminates 
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Internal flow channel shapes were designed 
using 3-D viscous CFD code, RVC3D in an 
iterative process. 


Bench tested for flow and structure. 
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TERB - R/S Interaction Modes vs Blowing Rates S 


Minimum generally occurs at ~1.8% except at BPF exhaust 


(e*T) (e*S) 


(e* 0) 


iA Y f) 


(q'0)  (#*7) 


—i— 


-4 ia « -4 eos ee 
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TERB - Farfield Directivity Ss 


QTEGGFTIATFA MT Ep QILeceTaTFA SF 
fFESTTIVa cqdc Toecree obfrmunm pyoarud rope 
Fe Ce 
82 
AD 
mk OD 1 
“~~ ¢ 30° 60° 90° eo nee 1 
Tef HIPMODTG SUq HYIMOLDTG 3rq HYKWoUTG 
bY ue => TOv AN QB Sal! oye = JIC at QB bMr'Tve = Toe" 4 qB 
BMT — AARASD MD BMT — TNnNnh* T TMD BMT! — aAF*D CI. 


Farfield reductions correlate very well to In-Duct reductions 
Optimum blowing rate at 1.6% (slightly lower than in duct) 


Reduction at other RPM consistent 
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Over-the-Rotor Foam Metal Liner (OTR/FML) 
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OTR/FML —- Configurations Tested 


Liner Configurations tested: 


L=9”, d=2”; 80ppi @ 6-8% 


(a) FML in 2 inlet locations 


(b) FML Over-the-Rotor 
- 1” & 2” depth 
- 1/32nd & 3/32nd tip gap 


(c) FML Over-the-Stator 


(d) SDOF liner in inlet & exhaust 
ducts 


Unique hardwall baseline 
created by taping over 
liner(s) in each 
configuration. 
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(d) 
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OTR/FML - Spectral Characteristics sal 


mic loc =51.4° 


65 


60 Ff 
INLET POSITION: : 
: * 55 ——~ 
~3 dB attenuation feats eras 
from 1-3*/, BPF — 
ag 16 24 32 40 46 56 64 72 80 BB 96 104 8 16 24 32 40 48 56 64 72 80 BB 96 104 
SHAFT ORDER SHAFT ORDER 
(a) FML in INLET DUCT 
mic loc =51.4* mic loc =120° 
65 
OTR POSITION: mm Bs 
~5 dB attenuation ‘ 2 
from BPF and above °:: "55 
50 50 
6 16 24 32 40 48 56 64 72 BO 8B 96 104 B 16 24 32 40 48 56 64 72 80 BB 96 104 
SHAFT ORDER SHAFT ORDER 
(b) FML Over-the-Rotor 
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OTR/FML vs SDOF FF-BB PWL Reductions 


EW D ARC AFT ARC 


Inlet Pos 1 


Inlet Pos 2 


(AB) 


PWL 


FM L in INLET: 


HARMONTC BAND 


Axial Extent of 
¢Single Degree of Freedom Liner ~3 x 18” 


*-Foam Metal Liner ~ 9” 


HARMONIC BAND 


WWW.Nasa.gov 


S 


National Aeronautics and Space Administration 
Liner Studies sal 


Collaborating with Mike Jones (Langley) & friends 


(1) Validation of liner research TRL path 
(2) Checkerboard Liner 
(3) Extended Reaction Liner 


Extended Rotating Rake to 
measure modes over treatment. 
Artificial sources for larger modal 
database. 


VPI Liner: Two linear single-degree-of- 
freedom (SDOF) liners with a screen mesh 
on a 34 percent POA perforate were used in 
these experiments. The normalized design 
resistance for the two liners is 1.0 pc and 1.7 
pc. The liner core depth is 1.0 and 0.85 in.; 
resonance frequencies are 2872 and 3221 
Hz, respectively. 


Grumman Liners: Three test barrels were 
fabricated for the ANC test program. The 
impedance of each of these barrels are 
described in the contractor report. 


Foam Metal Liner 
SRF Liner (with instrumentation) 
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Liner Insertion Loss S 


Compare PWLs with rake installed at entrance of liner to installation at exit of liner. 


\ 


HARDWALL LF Entrance ["] Exit SOFTWALL ff Entrance [] Exit 


110 


100 
- | 
96 
+4 “4 - 


circum mode (m) circum mode (m) 
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Liner Build-Up sal 


Hexcel manufactured core at their facility according to NASA LaRC/GRC 
specification at no cost. 


Assembly of liner at GRC with LaRC and Hexcel providing expertise. 


Strong partnership created that will have positive impact for continued TRL 
advancement. 


ae 


il “A ant 
» perforate 
cover 


screen 
perforate 


cover 
screen 


Ly 


Close up of liner — partially exposed Close up of liner cross-section 
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In-Duct Acoustic Results 


avg mode loss : Insertion Loss 
8.6 dB PWL 7 PN 6.0 dB PWL 


Vertical Orientation 
CFANS * 900 Hz 


. ee — 

: Tt» Random Mode Excitation 
5 

15 20 


Insertion Loss 


avg mode loss Insertion Loss avg mode loss 
12.8 dB PWL 


8.8 dB PWL ak . 7.5 dB PWL 14.0 dB PWL 
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Liner w/ Pylons 


08 Lower Bifi (NACA 0012) 
Upper Bifi (NACA 0024) 


[| Large a Large 


2.4 


2.2 


[] Both il Both 


0.6 
0.4 


1xBPF : 
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Mode Blockage / Transmission al 


Assume modes generated by CFANS in clean 
configuration are consistent. Implicit assumption is 


(GE Spools) 


f ~ 


the mode source does not change w/ ~0.15 M#. TO ' |__| 
— CT & 
C) t3 PE 
Add blockage in the form of stators at several -_ : = __| 
different pitches & counts. (14/28V @ 20° /45° ) 26 
ee 
@ ss 
Add blockage in the form of rotor alone at several IT 
different pitches & rpms. (18° /28° /38° ) Rotor Blockage 
(de-sync the rake & the fan by ~1%) 
Measure transmitted mode. 


; (GE Spools) | , (GE Spools) . 


aN fom 


ts - Unblocked 


LO) 


tator Blockage 


WWW.Nasa.gov 50 


National Aeronautics and Space Administration 


Mode Blockage / Transmission 


14 Vanes @ 20° 
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Mode Blockage —- Results (typ) 


PROPAGATING from EXHAUST 


- MEASURED at INLET 

10 $——_—f 

: 1XBPF i Clean 

; [ ] 28V @ 45° 

<. 
, ol 2 (el 28V @ 20° (1.63" gap) 
4 P| 
| E] 14V @ 20° (1.63" gap) 

6 j 
8 S || Bpnocnenen- 
* : 
z = [_] 28v @ 20° 

4 

@ 45° 
3 
2 
= ° 
th _ e 
accel 1] Sscm P 
0 = | 
awe 82% +2 2 +4 -4 +6 6 
Circum Mode # 


Circum Mode # 
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Effects of Short Duct on Acoustic Modes 


Trend in turbofan engines is shorter ducts. ‘Infinite’ duct theory for mode propagation & 
radiation to farfield may not be valid. Need to obtain database for code validation. 


row D row D 


treatment treatment 


Compare PWLs with L/D =1 to 1/4. 


100. —_—_ o—_———_u“uee om 
1BPF cae L/D=1 ia L/D=1/4 B TOTAL C] R/S if} EXTRANEOUS mid 
ae seme 
~ 


115 115 95 


SPL (dB) 
@ 
or 
7 


3 & 
re] =| 
& = 100 80 
UD=1 m=+2 amae LD=! m=-2 
95 75 UD=1/4 m=42 ——— LD=14 m=2 
90- PO v.22 2 2 2 ee 2 2 5 2 
-4 -3 -2 -1 0 1 2 3 + L/D#1 L/D=1/4 0 10 20 % 40 50 & 70 80 90 
Circumferential Mode Order Relative Duct Length angie (deg) 
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Mode Reflection 


2BNARIS 


eee a 


the 
08/5 sien shal 


Rotating Rake measures 
at a single axial location. 


Measures the 
superposition of the 
forward propagating and 
reflected wave. 


Identified as a concern in 
1995 as a follow on 
report to the original ADP 
rotating rake 9x15/UHB 
entry - Cicon, et. al, 
NASA CR (12 dB error). 


Developing a dual-rake 
technique to separate 
forward propagating and 
reflected wave. 


Detail: Dahl, et. al. 
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Mode Reflection Ss 


Database set for natural inlet reflections — 


minimal with flow lip; exaggerated w/ flange 


Flow Lip or Flange 


—m— w/ flow lip - fixed rake —m— flange - fixed rake 


—@— wi flow lip - adjustable rake —@— flange - adjustable rake 


Row B 


BERR eae ® Row C 


7 atmen 
| ee 


Solid Barrier 


0 2 4 6 8 10 12 
1BPF m=(2,0) Rake Separation (inches) 
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Mode Reflection S 


Database set for artificially created forward 
propagating and reflected waves — 


NS adjustable rake MN adjustable rake 
Run driver sets independently, then simultaneously. reaneernt nT weet 


Assumption is that this experimentally measures the BM fixed rake (G-0.75) [7] fixed rake (c=0. 


propagating and reflected waves ’ and the WN adjustable rake [| adjustable rake 
superposition is linear. _ ; 
m=2 rake separation 


Flow Lip 


V7) 2nd ed. — Row B 
ae & BER R 


Rake(s) 


ee & Pe 
Bee e See SES 


1BPF m=(2,0) Driver Row Actuated 


Solid Barrier 


ASSUMPTION: alone 1 ivalene = ee iuieaneduey Iieinuaneous 
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MEASUREMENT 
TECHNOLOGIES 
EVALUATED 
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In-Duct Array 


Advance in-duct imaging system 


- higher frequency/combined rotating 
& stationary sources 


- MOTU for transferable system 


reference plane 


circumferential 
rings 
Bt pp axial array 


ttt Om ] 
A ae S| 


Distance from reference plane: 


B 241/," Dd 2714/9" 


axial array lst mic @ 5" 
axial array last mic @ 29" 


rotor leading edge @ 31775" 


| aul I i 
Mount multiple stator vanes: 


- standard Al 
- soft vanes 
- “pitched” Al vanes 


erat 
(1/64* tip gap) 


1000 2000 3000 4000 5000 


(5/64 tip gap) NA 


1000 2000 3000 4000 5000 


Foam Metal Liner 


Wares, tip gap) 


1000. 2000. +3000. ~~«4000 5000 
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Array 96 - Setup 


Standing behind the array (facing the array and, beyond it, the ICD and the ANCF 


72 


—~ hw ow 
Nh Los) 


Y coord vertical (inches) 


-72 -60 -48 -36 -24 -12 0 12 24 36 48 60 72 
X coord horizontal (inches) 
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AAADSSBS 
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Www.nasa.gov 


ICD Array 


Use ICD surface for acoustic measurement 
(especially useful in static engine testing) 
Compare to ‘gold standard’ : 

Rotating Rake / Farfield 
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CONCLUSION 
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e 


Design, test, and evaluation for technical risk-mitigation of most of the innovativ 
fan noise reduction technologies developed by NASA over the past 20 years. 


1992 - 2015: Low-TRL research performed on ANCF enabled the 
advancement of multiple noise reduction and measurement technologies. 


The ANCE has been used in over 6 internal, 8 external programs (2 reimbursable), 2 NRAs, 3 SBIRs, and 
2 Aero Acoustic Research Consortium programs. These were integrated in GRC’s noise reduction 
program milestones. It is the only complete aero-acoustic data/geometry set publically available. 
Over 100 papers written based on ANCF data. (~4 -6 per AIAA Aero-Acoustics Conference) 

Highly flexible, fundamental test bed. 
Multiple configurations, including rotor alone. 
4-foot diameter ducted fan 
Low speed: (variable) 

~1800 rpm, Vii) ~375 ft/sec, Mguct ~ 0.15 
Used to provide aero-acoustic database and to 

evaluate noise reduction technologies 


Databases requested & 
utilized for IR&D by: 
GEAC / GECR VPI/Techsburg 


Honeywell Illinois State University 
Goodrich U of Cincinnati 
; Pratt & Whitney The OSU 
2016+ : Proposed funding structure not supporting low EXA, Inc fee ren 
TRL fan acoustic research needed to enable meeting Embraer, Inc Eee ilnnermioneiel 
project goals. ea University of Sao Paulo 


Investigating transferring the ANCF to a university to jointly operate the ANCF to maintain 
research capability, and provide relevant STEM opportunities, in the area of fan acoustics. 
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